Introduction: Novel error scores and traditional indices of executive function (EF) were related to cardiovascular risk factors measured 10 to 15 years earlier.
(Alzheimer Dis Assoc Disord 2014;28: [16] [17] [18] [19] [20] [21] [22] P revious studies have reported that high cardiovascular risk leads to increased risk of dementia in later life. [1] [2] [3] [4] [5] There is also some limited evidence suggesting a relationship between midlife cardiovascular risk and later-life executive function (EF) impairment among those who are not demented. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Recent studies examining midlife cardiovascular risk and cognition have focused on individual risk factors, 6, 8, [10] [11] [12] [13] [14] despite the fact that they often co-occur. 16 There is some consensus suggesting a relationship between midlife systolic blood pressure and EF. [6] [7] [8] [9] [11] [12] [13] [14] [15] For other risk factors, including diabetes and smoking, findings are mixed and may relate to methodological differences including length of follow-up, demographically diverse study samples, and variability in cognitive tests used. [6] [7] [8] 10 There is continued reliance on neuropsychological (NP) test scores to detect dysfunction sufficient to meet the criteria for dementia. With increasing interest in detection of cognitive impairments that significantly precede onset of clinical disease, it is important to consider additional measurements that may reflect changes in cognitive status. There is a particular need to determine whether subtle signs of mild cognitive impairment attributed to vascular risk factors can be identified. 17, 18 Therefore, we introduce error response measures of EF that capture differences in cognitive performance not reflected in traditionally collected measures.
The apolipoproteinE E4 allele (ApoE4) has been shown to be associated with accelerated cognitive decline in cognitively normal populations. [19] [20] [21] Furthermore, ApoE4 may play a role in modifying the relationship between cardiovascular risk and cognition, [22] [23] [24] [25] [26] although this finding has been challenged in the elderly. 27 This study examined the association between a composite score of cardiovascular risk, the Framingham Stroke Risk Profile (FSRP) score, 28 and EF measured approximately 15 years later, using traditional EF measures, as well as a new set of error response measures. We additionally examined whether ApoE4 modifies the relationship between FSRP and EF.
METHODS

Study Sample
The Framingham Offspring Study cohort (n = 5124) is a community-based sample comprising people who had at least one biological parent who was a member of the original Framingham Study cohort and their spouses. 29 Beginning in 1971, and repeated approximately every 4 years, this cohort has undergone a total of 8 clinical examinations to identify risk factors for stroke and cardiovascular disease. 29 Our study sample was derived from the 2037 offspring participants who had participated in the fifth clinical examination (exam 5, from 1991 to 1995) and had complete NP data from testing administered from September 1, 2005 to December 31, 2009. We excluded 128 participants for prevalent stroke, dementia, or other neurologic disorders at the time of NP testing, 2 participants for missing education data, and 152 participants for missing cardiovascular risk (FSRP) data from exam 5, resulting in a final sample size of 1755 (53.6% women; mean age at NP exam 67.2 y) participants. The Boston University Institutional Review Board approved the study protocol and all participants provided written informed consent.
Cardiovascular Risk and Covariate Assessment
All cardiovascular risk factors (CVRF) and covariates were measured at exam 5. The FSRP is a composite score of CVRF that predicts 10-year probability of stroke on the basis of age, sex, and specific CVRF. 28, 30 These risk factors include systolic blood pressure, antihypertensive therapy (yes/no), diabetes (fasting plasma glucose of at least 126 mg/dL or report of treatment with insulin or an oral hypoglycemic agent), cigarette smoking status (yes/no), history of cardiovascular disease (CVD; history of coronary heart disease, congestive heart failure, or peripheral vascular disease), atrial fibrillation, and left ventricular hypertrophy that can be identified on an electrocardiograms. 28 The FSRP has been well validated both within Framingham and by outside investigations. 31, 32 The FSRP, measured at an average age of 53.6 years (SD = 9.1 y), was used as a measure of cardiovascular risk at midlife, and the individual risk factors of current smoking, diabetes, hypertension, and prevalent CVD were considered separately. Hypertension was defined as reported use of antihypertensive medication or having a systolic blood pressure Z140 mm Hg or a diastolic blood pressure Z90 mm Hg. Prevalent atrial fibrillation was not considered individually in our analysis because of its low prevalence in our study sample.
Outcome Assessment: Measurements of EF An NP test battery was administered using standardized test procedures as described in previous FHS publications. 6, 33 The following EF tests were included: Controlled Word Association Test (FAS), Category Naming (Animals), Halstad-Reitan Trailmaking Test B (Trails B), and Wechsler Memory Scale-Digit Span-Backwards (DS-B) Table 2 . Standard quantitative total scores for each were computed using traditional scoring methods. Additional scoring procedures characterizing error responses were also implemented.
For the FAS and Animals tests, the test administrator recorded the total number of correct responses (traditional measure) and the number of perseverations (eg, repetition of a previous response), broken rules (eg, loss of set), and wrong first letters (words that did not start with "F," "A," or "S"). For both the FAS and Animals tests, the error response measures included percent perseverations ((total number of perseverations/total number of responses) Â100) and percent total errors (((total number of perseverations, broken rules, and wrong first letters (FAS only))/total number of responses)Â 100).
Trails B measure of EF was computed as the difference in total time to completion for Trails B minus Trails A (Trails B ÀA), to correct for motor speed and simple attention. Trails BÀA was transformed so that higher values represent better performance, to be consistent with the other tests. In instances wherein noncompletion of the Trails B test was attributed to cognitive inability to understand task instructions or loss of understanding of task requirements during the test, a maximum score of 300 seconds was assigned. Error response measures for Trails B included the total number of corrected errors (examiner or self), the number of pen lifts, and whether the individual started the test before she/he was told to begin.
For the DS-B test, the traditional measure was the highest correctly repeated span length. The test was also administered beyond the official discontinue point, as is commonly referred to as "testing the limits." [34] [35] [36] The rationale is that as long as the person reported correctly all the numbers presented, and produced only sequencing errors, the test was continued because actual span capacity had not been reached. Only after both trials of a particular span length were inaccurately repeated because of nonsequencing errors (eg, omissions, substitutions, additions) was the test discontinued. The highest span length obtained under the "testing the limits" scenario was denoted as the DS-B limit, and DS-B capacity score was computed by taking the difference between the standard and the limit scores. Other novel error response measures included the percent total errors ((total sequencing and nonsequencing errors)/total number of trials Â100), and the percent sequencing errors (total number of sequencing errors/total number or errors Â100).
Statistical Analysis
Linear regression was used to examine the association between the FSRP score and its components and continuous EF variables. Continuous variables were natural log transformed to normalize their distributions, as necessary. All novel EF variables were dichotomized into Z75th percentile versus <75th percentile because of the skewed distribution of the variables. Logistic regression was used to examine the association between the FSRP score and its components and categorical EF variables. All analyses were adjusted for age at NP testing, sex, education group (< high school degree, high school degree, college degree, >college degree), and time between FSRP measurement (exam 5) and NP testing dates. The interaction between the FSRP score and its components and ApoE4 was assessed using a Wald test. A P value of <0.05 was considered statistically significant. All statistical analyses were performed using the SAS version 9.2 (Cary, NC). Table 1 shows the descriptive characteristics of the 1755 participants included in the analysis. Overall, the sample was B54% women and had a mean age of 53.6 years (SD = 9.1 y) at the baseline cardiovascular risk factor assessment. The participants underwent NP testing a mean of 14.1 years (SD = 1.2 y) after the baseline risk factor measurements. Approximately 40% of the sample had at least a college degree, and the mean MMSE score was 29.1 (SD = 1.2) of a maximum of 30 points. The normative data for the error response variables of the EF tests are described in a separate paper. 37 The mean and median scores for NP tests are also shown in Table 1 .
RESULTS
Study Sample Characteristics
Association Between CVRF and Traditional NP Outcome Measures Table 2 shows the association between the CVRF measures (ie, the FSRP score and its FSRP component scores) and the traditional outcome measures from the NP tests.
There was a statistically significant inverse association between FSRP score and total number of responses on the Animals test. For each one percentage point increase in FSRP score, the total responses score on the Animals test decreased by 0.09 (b = À0.09, P = 0.03). FSRP was also inversely associated with Trails B ÀA time to completion (b = À0.008, P = 0.0002).
Examination of the individual components of the FSRP score, particularly age and sex, yielded significant associations with several of the traditional measures. Age was inversely associated with FAS total correct responses (b = À0.29, P < 0.0001), Animals total correct responses (b = À0.21, P < 0.0001), Trails BÀ A completion time (b = À0.01, P < 0.0001), and the DS-B total score (b = À 0.01, P = 0.0003). Women had higher FAS total correct responses (b = 3.0, P < 0.0001) than men. Participants with diabetes had on average 3.3 fewer FAS total correct responses than those without diabetes (P = 0.007). There were no other statistically significant associations between the FSRP components and traditional outcome measures.
Association Between CVRF and Error Response NP Outcome Measures
The associations between the FSRP score and its components and the error response NP outcome measures are shown in Table 3 .
FSRP was positively associated with total Trails B errors [odds ratio (OR), P = 0.04], DS-B capacity score 
Continuous
Outcomes All models are adjusted for age, sex, education group (< high school degree, high school degree, college degree, > college degree), and time between risk factor measurement and NP testing.
* (OR = 1.05, P = 0.03), and with DS-B % total errors (OR = 1.05, P = 0.02).
Among the individual components of the FSRP score, age was positively associated with FAS % perseverations (OR = 1.04, P < 0.0001), FAS % total errors (OR = 1.04, P < 0.0001), Animals % perseverations (OR = 1.03, P = 0.0003), Animals % total errors (OR = 1.03, P < 0.0001), Trails B total errors (OR = 1.04, P < 0.0001), number of Trails B pen lifts (OR = 1.06, P < 0.0001), and Trails B early start (OR = 1.05, P = 0.0001). Women had lower FAS % total errors (OR = 0.70, P = 0.003) and higher Animals % perseverations (OR = 1.27, P = 0.045) than men. Participants with prevalent CVD were less likely to have FAS % perseverations Z75th percentile compared with those without prevalent CVD (OR = 0.51, P = 0.03). There were no other statistically significant associations between FSRP components and error response outcome measures. Table 4A shows the stratum-specific results for the statistically significant interactions between ApoE4 and the FSRP score and its components on the traditional NP outcome measures.
Interaction Between ApoE4 Status and CVRF on Traditional NP Outcome Measures
There was an interaction between ApoE4 and age on the total correct responses for the Animals test (P interaction = 0.03) and a stronger inverse association between age and total correct responses on the Animals test among those with the ApoE4 allele. There were also significant interactions between ApoE4 and hypertension on FAS (P interaction = 0.04) and Animals (P interaction = 0.03) total correct responses with a statistically significant inverse association present between hypertension and FAS total correct responses only among ApoE4 + participants (b = À3.2, P = 0.03). Although there was no statistically significant association between hypertension and Animals total correct responses among the ApoE4 À group (b = À0.25, P = 0.39), a significant positive association among the ApoE4 + group (b = 1.2, P = 0.04) was found. A statistically significant interaction between ApoE4 and prevalent CVD on Trails BÀ A time to completion (P interaction = 0.01) was observed and there was an inverse association between prevalent CVD and Trails B ÀA time to completion only among those in the ApoE4 À group (b = À0.10, P = 0.003). Table 4B shows the stratum-specific results for the statistically significant interactions between ApoE4 and the FSRP score and its components on the error response NP outcome measures.
Interaction Between ApoE4 Status and CRVF on Error Response NP Outcome Measures
There was an interaction between ApoE4 and age on each of Animals % perseverations (P interaction = 0.01), Animals % total errors (P interaction = 0.01), and Trails B total errors (P interaction = 0.006). For Animals % total errors and % perseverations, age had a larger absolute effect on the above-mentioned tests results among those with ApoE4 than among those without ApoE4. For example, a 1-year increment of age was associated with a 6% (P = 0.0002) increase in odds of having Animals % perseverations Z75th percentile (versus <75th percentile) among those with ApoE4 and only a 2% (P = 0.03) increased odds of Animals % perseverations Z75th percentile among those without ApoE4. However, age was All models are adjusted for age, sex, education group (< high school degree, high school degree, college degree, > college degree), and time between risk factor measurement and NP testing. *Log transformed. ApoE4 + indicates apolipoprotein E4 positive group; ApoE4 À, apolipoprotein E4 negative group; CI, confidence interval; CVD, cardiovascular disease; NP, neuropsychological; OR, odds ratio; SE, standard error. associated with total Trails B errors only among those without the ApoE4 allele (OR = 1.05, P < 0.0001). A significant interaction was observed between ApoE4 and hypertension for FAS % total errors (P interaction = 0.04). However, the stratum-specific effects for each ApoE4 group were not statistically significant; therefore, the interpretation of these interactions is not clear.
DISCUSSION
Our primary analyses revealed that higher midlife FSRP was associated with poorer performance on traditional measures of EF from the tests of Animals fluency and Trails B (corrected for psychomotor speed and attention). For individual risk factors, increasing age was associated with executive dysfunction across all traditional measures. In the analysis of the individual FSRP components, the results were modest. Having diabetes 8 years earlier was associated with poorer performance on fluency tests and being a smoker resulted in a slower Trails B time. These results were consistent with previous research, 10, 38 and they also reflect the lack of consensus of significant relationships between other CVRF and EF in clinically asymptomatic populations. 6, 8, 9, 11, 13 These differences likely stem from variations in study sample demographics, [8] [9] [10] [11] tests of EF, 6, [8] [9] [10] [11] and varying years of follow-up, ranging from 4 to 20 years. 9, 11 For the error response NP measures, error performance on Trails B (total errors and pen lifts) was related to the composite FSRP score. Interestingly, although FSRP was not related to the standard DS-B total score, higher FSRP was associated with making more errors on the test. Similarly, prevalent CVD was not related to any traditional NP measure but was related to greater likelihood of making significantly more perseverations (eg,Z75th percentile) on the FAS test.
ApoE4 status did have a modifying effect on the association between CRVF and several traditional cognitive test scores. Significant interactions between ApoE4 were found for the relationships between age and the total correct responses in Animal fluency, hypertension, and both FAS and Animal fluency and prevalent CVD and Trails B. Stratified analyses suggested that the relationship was evident or exacerbated for those who were ApoE4 + for the outcomes of both fluency tests, whereas among those who were ApoE4 À, prevalent CVD was associated with faster Trails B performance.
Again, novel to this study were results that emerged when looking at the modifying effects of ApoE4 on the relationships between midlife cardiovascular risk and error response EF measures. Of note is that each of these significant findings was in the expected direction, where higher risk was associated with poorer performance for the overall interaction and within stratified analyses, ApoE4 + was associated with more exacerbated findings of perseverations and errors (eg, Animal fluency test). However, the significance of these findings must be considered with caution because of the small number of errors that were made by this relatively healthy sample population and the lack of confirmatory clinical follow-up. However, the fact that these relationships could be detected using the error response measures, despite the low power, is of interest.
The findings suggest that the relationships between vascular risk factors and cognition are complex. ApoE4 has been associated with several pathologic processes, including increased amyloid b deposition, and, separately, inefficient responses to central nervous system stressors (eg, ischemia, inflammation). 39, 40 The fact that the novel error response measures were linked to these changes in a presymptomatic, low cardiovascular risk population suggests a potential utility for their use. Furthermore, these findings could possibly demonstrate significant usefulness of the error response measures in providing early evidence of cognitive impairment to meet new diagnostic criteria for mild cognitive impairment and for preclinical research. 17, 18 The strengths of this study include the communitybased setting and the prospective design of cardiovascular risk measures at midlife and cognitive measures 10 to 15 years later. The midlife exposure may reflect chronicity and the cumulative impact of years of risk on cognition. These results support the potential clinical postulation that management of cardiovascular risk can reduce risk of poorer cognitive outcomes later in life. The study, however, has a number of limitations. The study participants are predominantly white, highly educated, and comparatively healthy (eg, low average and restricted range of FSRP scores). In addition, the cognitive measures are cross-sectional and measurements of change in cognitive measures over time are not available. Furthermore, as there was no adjustment for multiple comparisons, we cannot rule out the possibility that our results were because of false positives.
Of significance, however, is that even in this highly educated, low cardiovascular risk population, there were relationships between cardiovascular risk and novel measures of EF, primarily among those individuals who are ApoE4 + . Although more studies need to be carried out, the use of error response measures has important implications on methods for detecting cognitive changes at the earliest stages of the preclinical spectrum that current traditional measures do not.
